In this paper,·a novel subband-selective generalized sidelobe canceller (GSC) with cosine-modulation for partially adap tive broadband beamforming is proposed. The columns of the blocking matrix are derived from a prototype vector by cosine-modulation, and the broadside constraint is in corporated by imposing zeros on the prototype vector ap propriately. These columns constitute a series of bandpass filters, which select signals with specific direction of arri vals and frequencies. This results in highpass-type bandlimited spectra of the blocking matrix outputs, which is further ex ploited by subband decomposition and discarding the low pass subbands appropriately prior to running independent unconstrained adaptive filters in each non-redundant sub band. By these steps, the computational complexity of our GSC implementation is greatly reduced compared to fully adaptive GSC schemes, while performance is comparable or even enhanced due to subband decorrelation in both spatial and temporal domains.
INTRODUCTION
Adaptive beamforming has found many applications in various areas ranging from sonar and radar to wireless com munications. It is based on a technique where, by adjusting the weights of a sensor array with attached filters, a pre scribed spatial and spectral selectivity is achieved. A beam former with M sensors receiving a signal of interest from the direction of arrival (DOA) angle 8 is shown in Fig. 1 . To perform beamforming with high interference rejection and resolution, arr ays with a large number of sensors and fil ter coeffi cients have to be employed and the computational burden of a fully adaptive processo r thus becomes consid erable. A popular way to reduce the computational com plexity are partially adaptive beamformers, which employ only a subset of available degrees of &ee dom (DOF) in the filter weight update process at the expense of a somewhat reduced performance [1] .
Partially adaptive techniques have been studied widely and many ideas have been proposed such as the weight re duction transformation [2] and the eigencanceller [3] . In this paper, with a GSC [4] as the underlying structure, a novel cosine-modulated blocking matrix is proposed for partially adaptive broadband beamforming. The column vectors of this blocking matrix constitute a series of cosine modulated bandpass filters, which separate the impinging signals and interference into components of different DOAs and frequencies. This results in bandlimited spectra of the blocking matrix outputs, and is further exploited by sub band decomposition and discarding the low-pass subbands appropriately prior to running independent unconstrained adaptive filters in each non-redundant subband. By these steps the computational complexity of the system is greatly reduced and a faster convergence speed is also achieved by joint spatial and spectral decorrelation .
The paper is organised as follows: Section 2 briefly re views GSC based fully and partially adaptive broadband beamforming and then propose a special subband-selective GSC, where our novel cosine-modulated blocking matrix in troduced in Sec. 3 will be applied. Finally, simulations un derlining the benefit of our proposed method are discussed in Sec. 4 and conclusions drawn in Sec. 5.
SUBBAND-SELECTIVE GENERALISED SIDELOBE CANCELLER

Generalised Sidelobe Canceller
A linearly constrained minimum variance (LCMV) beam former [5] performs the minimization of the variance or power of the output signal with respect to some given spa tial and spectral constraints. For a beamformer with M sensors and J filter taps. following each sensor, the output e[nJ can be expressed as '
where coefficients and input sample values are defined as The linearly constrained minimum variance(LCMV) prob lem, popularly applied to beamforming, can be formulated as subject to (6) where �., is the covariance matrix of observed array data in x, C is a M J x J constraint matrix and f is the J x 1 response vector
The constraint optimisation in (6) can be conveniently solved using a GSC [4] , which performs a projection of the data onto an unconstrained subspace by means of a block ing matrix B and a quiescent vector Wq (Fig. 2 ). There after, standard unconstrained optimisation algorithms such as least mean square (LMS) or recursive least squares (RLS) algorithms can be invoked [6] . In the GSC, the multi channel signal u �ut to the optimisation process is ob tained by u = B x[n] , whereby the blocking matrix B must satisfy (8) Suppose B e c!" xL. The maximum value of L should be M -1, which corresponds to the fully adaptive GSC. When a large number of sensors are employed, we can take a small er value for L, i.e. L < M -S, resulting in a partially adaptive GSC [2] , which. has a reduced number of OOFs and offers reduced complexity traded off against a somewhat inferior performance.
Partially Adaptive Subband-selective GSC
Consider a unity amplitude complex input wave with an gular frequency wand DOA angle 9. Referring to Fig. 1 , the waveform impinges with a time delay aT on adjacent sensors separated by d in a medium with propagation speed c. The received phasor vector at the sensor array, K , is
Assume that the array sensors are spaced by half wave length of the maximum signal frequency and the temporal sampling frequency w. is two times the maximum signal When the beam.former is constrained to receive the sig nal of interest from broadside, the blocking matrix has to suppress any component impinging from 9 = o. Therefore, at 'i" = 0 the response of the b, has to be zero. Now we arrange these column vectors on the interval 'i" e [0; 11") as shOW11 in Fig. 3, .... into Bubbands in a similar way as in (7), the Bubband sig nals in the corresponding lowpass subbands will be zero and can be omitted from the subsequent subband adaptive pro cessin g. The subband setup is shOW11 in Fig. 4 
COSINE-MODULATED BLOCKING MATRIX
In our sub band-selective GSC, the blocking matrix plays a central role and the column vector design with a good band-selective property is of great importance.
We may design each of the column vectors indepen dently subject to the con.stramt (8) (8) . In order to reduce the design and implementation complexity of the blocking matrix, we here propose a cosine-modulated version. All column vectors come from a prototype vector by cosine modulation and the broadside con.straint is guaranteed by imposing zeros appropriately on the prototype vector.
Assume the prototype vector is h[ml,
IS S e ong t e equency axIS Y 2L+2 an -2L+2 , respectively and properly added to obtain the lth column
To comply with the broadside constraint B,(ej9)19=0 = 0, the frequency response H(z) of hIm] sbould have one zero at each point of WI = ±(�'t!�". If we factorize H(z) into two parts
1=0 then the broadside constraint will be automatically satis fied for all the column vectors and the free parameters con tained in P(z) can be used to optimize its frequency re sponse. By this factorization, the design of the blocking matrix becomes an unconstrained optimization problem of the prototype vector. The objective function we minimize is (16) where w. is the stopband cutoff frequency. The optimiza tion problem can be solved conveniently by invoking a non linear optimisation software package, such as the subrou tines BCONF/DBCONF in the IMSL library [9] . A design example for the blocking matrix with M = 28 sensors, and L = 11 column vectors is given in Fig. 5 .
Note that for S -1 order derivative constraints in the blocking matrix (10], we can replace Q(z) by Q(z)s in (15), but too many DOFs will be sacrificed and a satisfying per formance may not be achieved for small-scale arrays. and its frequency response is sbown in Fig. 6 . We em ploy a 12-channe1 oversampled GDFT filter banks [11] with decimation factor N = 10. Our partially adaptive cosine modulated subband-selective GSC is compared with two other fully adaptive GSCs based on the different building of the blocking matrix-the cascaded columns of difference (CaD) method [12] and the singular value decomposition (SVD) method [13] . The performance measure is the mean square value of the residual erro r, i.e. the output e rn) minus the sign al of interest impinging from broadside. Two simu lation results are shown based on multichannel normalised LMS algorithm with a step sizes of 0.3 and 0.4, respectively.
SIMULATIONS AND RESULTS
The
From these simulations, we can see that with the increas ing of stepsize, all the GSCs converge faster, but also with a higher steady-state error. Compared with its fully-adaptive counterparts, our new method achieves a much higher con vergence speed because of the combined decorrelation in both spatial and spectral domains. Because only part of the DOFs are employed, the. steady-state error of our method is a little higher, which is a price we pay for the low com putational complexity.
CONCLUSIONS
A subband-selective generalized side10be canceller for partially adaptive broadband beamforming with cosine-mo dulated blocking matrix has been proposed. In this struc ture, the column vectors of the blocking matrix are derived from a prototype vector by cosine-modulation and these vectors coDStitute a series of bandpass filters, which decom pose the impinging signals into components of specific DOA angles and frequencies and lead to band-limited spectra of blocking matrix outputs. Subband methods are employed to remove their redundancy by discarding the corresponding lowpass subbands. The combination of partial adaptation, subband decomposition and discarding permit a consider ably reduced computational complexity. As demonstrated in simulatioDS, our approach also has the additional bene fit of faster convergence for LMS-type adaptive algorithms employed in the GSC.
